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A  STUDY 
OF 

THE    REACTANCE    OP    AN  ALTERNATOR 


I  -  INTRODUCTION 

The  object  of  this  thesis  is  to  study  the  armature 
reactance  of  an  alternator,  with  the  purpose  of  finding  the 
relation  of  reactance  under  the  poles  to  reactance  "between 
the  poles,  and  checking  design  constants  for  the  relation 
of  true  self  induction  to  combined  mutual  and  self  in- 
duction. 

The  value  of  the  reactance  of  an  alternator  is 
important  in  determining  its  characteristics,  chiefly  so 
in  finding  the  instantaneous  current  that  will  flow  on 
short  circuit. 

It  is  proposed  in  this  thesis  to  determine  the 
value  of  reactance  by  means  of  three  methods,  namely 

(a)  Stationary  impedance  tests 

(b)  Synchronous  impedance  tests 

(c)  Calculation  from  slot  dimensions. 
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II  -  GENERAL  THEORY 

When  the  load  upon  an  alternator  is  changed,  field 
excitation  "being  kept  constant,  the  change  of  terminal 
voltage  is  due  to  the  combined  effect  of  armature  reac- 
tion, armature  self  induction  and  resistance.     The  arma- 
ture reaction  which  is  a  magnetomotivef orce  due  to  arma- 
ture current,  combines  with  the  m.m.f.     of  the  field  exci- 
tation to  produce  a  resultant  m.m.f.    which  produces  a 
resultant  flux  in  the  field  poles.     The  cutting  of  this 
flux  by  the  armature  conductors,  generates  an  electromo- 
tiveforce  which  combines  with  the  counter  e.m.f.  of  self 
induction  to  give  the  nominal  generated    e.m.f.  of  the 
machine.     The  nominal  generated    e.m.f.  combined  with  the 
e.m.f.  consumed  by  resistance  is  the  terminal  e.m.f. 

The  ultimate  effect  of  armature  reaction  and  of 
armature  reactance  on  the  terminal    e.m.f.  is  practically 
the  same,  therefore  both  values  are  usually  contracted 
into  one  constant.     In  most  cases  the  armature  reaction 
is  considered  as  a  reactance,  i.e.  instead  of  the  counter 
m.m.f.  of  armature  reaction,  the  e.m.f.  is  considered 
which  would  be  generated  by  the  magnetic  flux  which  the 
armature  reactions  would  produce.     This  effective  reac- 
tance, known  as  the    "synchronous  reactance,**  does  not 
really  exist  as  a  true  reactance  but  may  be  so  considered 
for  purposes  of  design.    Further  combination  of  this  syn- 
chronous reactance  with  the  armature  resistance  gives  what 
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is  known  as  the  "synchronous  impedance."     Thus  it  will  be 
seen  that  under  permanent  short  circuit  the  current  is  lim- 
ited "by  the  synchronous  impedance  only. 

While  in  effect,  armature  reactions  and  armature 
reactance  are  the  same,  they  differ  in  the  way  they  act. 
The  effect  of  inductive  reactance  is  instantaneous  while 
that  of  armature  reaction  requires  time.     The  change  in  the 
m.m.f.  of  armature  reaction  causes  a  change  in  the  field 
flux  with  which  it  interlinks.     Any  change  in  the  field 
flux,  however,  sets  up  an  e.m.f.  in  the  field  winding 
which  causes  an  increase  or  decrease  in  the  field  current, 
which  tends  to  keep  a  constant  field  flux.     Thus  if  a  load 
is  suddenly  thrown  on  an  alternator,  the  increase  of  cur- 
rent instantaneously  sets  up  a  counter    e.m.f.  of  self 
induction,  and  if  the  load  is  inductive  as  is  the  case 
under  short  circuit,  the    m.m.f.  of  armature  reaction 
causes  a  decrease  in  field  flux  which  sets  up  an  e.m.f.  in 
the  field  winding  causing  an  increase  in  field  current  and 
a  consequent  retardation  in  the  decrease  of  the  flux. 
Therefore  it  is  seen  that  the  instantaneous  rush  of  current 
when  an  alternator  is  shorted,  is  limited  by  the  self  in- 
duction and  resistance  of  the  armature  only.     As  soon  as 
the  armature  reaction  "becomes  effective,  the  current  is 
limited  by  the  synchronous  impedance.     Since  the  flow  of 
the  instantaneous  current  sets  up  very  great  stresses  in 
the  machine,  its  value  is  desirable  for  purposes  of  de- 
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sign.     It  is  evident  that  in  order  to  determine  this  cur- 
rent, the  synchronous  reactance  must  "be  separated  into  its 
two  components  of  armature  reaction  and  armature  reactance. 
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III  -  DESCRIPTION     OF  MACHINE 

With  a  view  to  this  separation  of  synchronous 
reactance  in  a  specific  machine,  a  numher  of  tests  were 
made  as  explained  later.     Rather  than  decrihe  this  machine 
by  parts  as  needed,  a  complete  description  is  given  here. 

A  General  Electric  alternator,  type    AHB  6-7.5-1200, 
220  volts,  20  amperes,  was  the  machine  selected  for  these 
tests.     It  has  six  separate  windings,  the  terminals  of 
which  are  "brot  out  to  a  connection  hoard  at  the  base  of  the 
machine,  so  that  they  can  be  connected  in  any  combination 
desired.     Each  winding  is  made  up  of  two  paths  in  parallel, 
one  path  going  around  the  three  odd  poles  in  one  direction, 
the  other  path  going  around  the  three  even  poles  in  the 
other  direction. 

There  are  72  slots  on  the  periphery  of  the  mach- 
ine, 12  slots  per  pole  and  2  slots  per  pole  and  winding. 
In  each  slot  there  are  18  conductors  of  No.  13  B  &  S  gage 
copper  wire,  two  coils  of  9  turns  each  passing  thru  a 
slot,  two  slots  and  so  18  turns  per  pole  and  winding. 

The  field  is  wound  with  385  turns  in  series  per 
pole  or    2310    total  field  turns  in  series. 
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IV  -    CALCULATION     OF  REACTANCE 

Detailed  descriptions  of  the  methods  of  calcu- 
lating the  values  of  reactance  follow.     To  eliminate  the 
effect  of  frequency,  references  and  comparisons  in  some 
cases  hereafter  will  be  made  using  instead  of  reactance, 
the  value  of  its  fundamental  quantity,  inductance, 

(a)  Stationary  Impedance 

The  reactance  can  be  obtained  from  the  stationary 

impedance  of  the  machine,  the  latter  being  determined  by 

impressing  an  alternating    e.m.f.  and  measuring  the  current, 

the  drop  thru  the  winding  and  the  frequency.    The  imped- 

E 

ance  is  Z    =  ""J" 

where  2    =  impedance 

E    =    drop  thru  winding 

I    =    effective  current  flowing. 

Then  since  X    =  ^^2^    -  R^' 

the  value  of  the  reactance  can  be  computed.    This  value  is 
the  total  reactance  between  the  terminals  of  the  winding 
being  tested;     the  reactance  per  slot  can  be  found  when 
the  winding  data  is  known. 

This  value  of  reactance  was  measured  for  four 
conditions,  namely      (1)    Field  unexcited 

(2)  Field  excited 

(3)  Field  shorted 

(4)  Field  poles  removed. 

With  the  first  three  conditions,  the  question  of  the 
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change  in  value  of  the  reactance  when  the  conductor  lies 
under  the  poles  and  when  it  lies  between  the  poles  arises. 
To  study  this  effect  a  pointer  was  attached  to  the  alter- 
nator shaft  and  arranged  to  indicate  degrees  rotation  on 
a  sector  scale.    This  scale  was  graduated  in  electrical 
degrees,  thus    180°    was  the  distance  from  the  center  of 
one  pole  face  to  the  center  of  another.    The  impedances 
were  measured  every  fifteen  degrees  of  rotation  thru 
225  electrical  degrees. 

The  test  with  the  field  excited  was  made  with 
4    amperes  flowing,     2.3    amperes  being  normal  excita- 
tion.    In  the  field  shorted  test,  the  slip  rings  of  the 
field  were  short  circuited  with  a  piece  of  heavy  copper 
wire.    These  tests  were  run  with  three  different  currents 
to  determine  whether  the  reactance  varied  with  the  cur- 
rent,    and  also  to  get  an  average  value. 

Since  the  armature  coils  contain  an  iron  core, 
there  will  be  a  loss  of  energy  due  to  eddy  currents  and 
hysteresis  in  the  iron  when  an  alternating    e.m.f.  is  im- 
pressed as  in  the  stationary  impedance  tests.  This  loss 
was  so  small  that  it  could  not  be  measured  with  the  avail- 
able instruments.     This  was  probably  due  to  the  fact  that 
the  machine  had  a  comparatively  large  air  gap. 

The  resistance  of  the  armature  windings  was  meas- 
ured.    One  determination  was  made  taking  the  average  of 
a  series  of  readings  when  the  armature  was  cold,  and  another 
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was  made  after  the  armature  had  been  heated  "by  passing 
double  normal  current  thru  it  for    15    minutes •    A  mean  of 
the  hot  and  cold  values  was  used  for  the  computations. 

The  curves  of  Group    1  ,  Plate    I    show  the  values 
of  total  inductance  for  one  winding  only,  under  the  four 
different  conditions.     It  will  be  noticed  that  the  maxi- 
mum value  with  no  field,  and  with  the  field  excited  or 
shorted  is  about  the  same,  also  that  the  minimum  value 
with  the  field  excited  or  shorted  is  nearly  as  low  as  the 
vAlue  with  the  poles  removed. 

The  values  plotted  for  the  field  unexcited  are  the 
means  of  the  values  from  the  readings  with  different  cur- 
rents.   Values  computed  for  these  different  currents  were 
slightly  different,  due  possibly  to  instrumental  errors. 
The  inductance  varies,  having  a  maximum  when  the  slots 
are  directly  under  the  poles  and  a  minimum  when  almost 
between  the  poles.  These  fluctuations  may  be  explained  as 
follows.     Since  the  inductance  is  due  to  leakage  flux,  it 

will  be  greatest  when  the  flux 
is  greatest  which  will  be  the 
condition  when  the  reluctance 
is  least.     Referring  to  Fig.     1  , 
it  is  seen  that  the  slots  are 
directly  under  the  poles.  Since 

Figure  7 

the  permeability  of  iron  is 
high  and  that  of  air  is  low,  the 
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Figure  2 


flux  will  tend  to  take  the  path  of  least  reluctance  and 
will  flow  around  the  slot  and  across  the  pole  face,  having 
only  the  two  small  air  gaps  to  pass  thru*    When  the  slots 

are  between  the  poles  as  in  Fig, 
2  ,  the  flux  will  flow  thru  the 
iron  rather  than  thru  the  air 
"but  must  folloTi7  u  much  longer 
path  thru  the  iron,  going  down 
thru  one  pole  and  up  thru  the 
other.    This  path  will  have  a 
greater  reluctance  than  in  the 
first  case,  less  flux  will  flow  and  the  inductance  will  be 
less. 

The  effect  of  short  circuiting  or  exciting  the 
field  is  to  make  a  closed  circuit  of  the  field  winding  so 
that  any  change  in  flux  thru  the  field  poles  will  be  op- 
posed by  the  current  which  this  change  will  induce.  In 

either  case,  the  values  of  inductance  give  a  curve  of  the 

range  in 

same  shape  as  before,  but  of  a  much  greater/^ magnitude, 
the  maximum  being  about  equal  to  the  value  with  the  field 
unexcited  and  the  minimum  being  nearly  the  same  as  the 
value  with  the  field  poles  removed.     The  reason  for  this 
is  seen  when  it  is  considered  that  the  field  winding  is  a 
closed  circuit  and  any  change  of  flux  thru  this  winding 
would,  by  Lenz's  law,  produce  back  ampere  turns  which 
would  oppose  this  change.     Since  the  flux  due  to  the  arma- 
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ture  current  is  alternating,  it  is  opposed  by  these  back 
ampere  turns  and  the  poles  become  almost  as  poor  conduc- 
tors of  the  alternating  flux  as  the  air.    When  the  slots 
are  directly  under  the  poles,  the  flux  may  flow  across 
the  pole  face  as  in  the  first  case,  without  cutting  any 
of  the  turns  and  therefore  without  producing  any  back  am- 
pere turns.    The  path  down  thru  one  pole  and  back  thru 
another  which,  when  the  field  was  unexcited  was  the  path 
of  least  reluctance,  is  now  that  of  greatest  reluctance 
and  the  only  remaining  path  is  around  thru  the  air  as 
shown  in  Fig.     3  .     Its  reluctance  is  much  greater  than 
that  of  the  path  with  the  field  unexcited;     the  flux  flow- 
ing and  consequently  the  inductance  will  be  less. 

The  curves  of  Group    3  ,  Plate    I  are  for  six 

windings  in  series  or    12  slots 
per  pole  and  phase,  and  show 
that  for  the  condition  of  field 
unexcited,  the  value  of  induc- 
tance is  greater  when  the  center 

of  the  winding  is  between  the 
Figure  3. 

poles  than  when  it  is  under  the 
poles.    For    2    slots  per  pole 
and  phase  as  in  Fig.  2  ,  the  path  of  the  flux  when  the 
center  of  the  winding  is  between  the  poles  lies  down  thru 
one  pole  and  up  thru  the  other,  and  when  under  the  poles 
(Fig.     1   )    lies  thru  the  pole  face.    But  for  12  slots  per 
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pole  and  phase  when  all  the  armature  conductors  are  in  use, 
(Fig.    4  ),  and  when  the  center  of  the  winding  is  between 

the  poles,  the  ends  of 
the  winding  lie  directly 
under  adjacent  poles  so 
that  the  flux  has  then 
its  easiest  path.  With 
the  center  of  the  winding 
under  the  poles,  the  path 
of  the  flux  must  lie  thru 
the  air  causing  the  re- 
luctance to  be  greater 
and  the  value  of  inductance  to  be  less.    When  the  field 
winding  is  a  closed  circuit  as  in  Fig.    5  ,  the  reluctance 

of  the  poles  is  very 
great  and  the  inductance 
will  be  a  maximuin  when 
the  center  of  the  wind- 
ing is  under  the  poles  as 
was  the  case  for  2 
slots  per  pole  and  phase. 

The  point  at 
which  the  value  of  induc- 
tance changes  and  becomes 


Figure  5- 


greater  for  the  winding  between  the  poles  than  under  the 
pole,  is  determined  by  the  length  of  the  pole  arc.  Since 
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the  pole  arc  covers  about  half  of  the  pole  pitch,  this 
change  would  probably  occur  between  three  and  four  wind- 
ings per  phase.    Dr.  Steinmetz  makes  this  statement  except 
that  he  considers  the  pole  arc  as  varying  instead  of  the 
distribution  of  the  winding. 

The  values  of  inductance  computed  from  stationary 
impedance  tests  with  the  field  poles  removed  are  shown 
in  the  following  table. 


Winding 

Current 

^mh 

One  only 

14.5 

0.840 

0.280 

Two  in  series 

15.1 

2.31 

0.384 

Three  " 

tf 

15.4 

4.00 

0.444 

Four  " 

It 

15.4 

5.64 

0.470 

Five  " 

ff 

14.4 

7.68 

0.512 

Six 

It 

15.7 

7.93 

0.441 

TABLE    I  -  INDUCTANCE  FROM  STATIONARY  IMPEDAI^CE 

In  this  machine  the  reactance  under  the  poles  is 
from    2.5    to    3    times  the  value  of  reactance  between 
the  poles,  the  ratio  decreasing  as  the  winding  is  more 
and  more  distributed. 

(b)  Synchronous  Impedance 

It  has  been  shown  in  the  general  theory  that  the 
two  quantities,  armature  reaction  and  armature  reactance 
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are  generally  combined  into  one  constant  called  the  syn- 
chronous reactance,  or  when  considered  with  the  resistance, 
the  synchronous  impedance.     This  quantity,  synchronous  im- 
pedance, is  the  quantity  which  determines  the  terminal 
e.m.f.  and  it  may  therefore  "be  measured  directly.  By 
Ohm's  law  Z  = 

I 

where  in  the  case  of  an  alternator 

Z  =    synchronous  impedance 

E  =    terminal  voltage  on  open  circuit 

I  =    short  circuit  current. 

In  order  to  get  the  reactance  or  its  fundamental  quantity 
the  slot  inductance,  the  armature  reaction  must  he  separ- 
ated from  the  synchronous  impedance.     The  resistance  of  the 
machine  is  so  low  in  comparison  with  the  impedance  that  it 
may  be  neglected  and  the  short  circuit  current  considered 
as  lagging  practically    90°    behind  the  impressed  e.m.f. 
This  being  the  case  the  armature  reactions  directly  oppose 
the  field  m.m.f.  and  may  be  subtracted  algebraically.  This 
will  leave  the  resultant  ampere  turns  producing  the  flux 
which  generates  the    e.m.f.  to  overcome  the  counter  e.m.f. 
of  self  inductive  impedance.     The  resistance  can  be  separ- 
ated from  the  self  inductive  impedance  by  the  relation 

X    =     l/z^  -  R^"  . 

The  reactance  is  due  to  the  combined  effect  of  self  and 

'A 

mutual  inductance    and  is  for  the  total  number  of  slots 

in  which  the  winding  lies.     It  may  be  reduced  to  induc- 

 tance  per  slot  by  multiplying  by  two  because  of  the  two 

*    Mutual  inductance  is  here  used  to  distinguish  the  self  induction 
of  one  turn  in  a  coil  upon  another  turn  in  the  same  coil,  from 


the  self  induction  of  the  turn  upon  itself,  and  is  therefore 
not  real  mutual  inductance. 
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paths  in  parallel  and  dividing  by  the  number  of  slots. 

In  obtaining  the  armature  reactions,  the  vector 

sum  of  the  reactions 
in  the  various  coils 
must  be  taken  as  shown 
in  Fig.     9  .     The  vec- 
tor sum  is  to  the  al- 
FigurQ  6.  ' —  gebraic  sum  as  the 

chord  is  to  the  arc  of  the  periphery  which  the  windings 
in  question  cover.     It  may  be  proven  that 


where 


Chord 
Arc 

K 
a 


560 


Tta 


sin 


2     -  K 


=    distribution  factor 
=    angle  covered  in  electrical 
degrees. 


Then  the  armature  reactions 


where 


A  Tj^    =  Kit 

i    =    armature  current 

t    =    turns  in  winding  considered. 


From  the  above  relation,  the  values  of  K  for  this  mach- 
ine are  as  follows: 


Winding 
Two  slots  per  pole 
Four    "        »  « 
Six      "        "  " 


Value  of  K 
and  phase  .995 
«        «  .977 
"        "  .931 


TABLE     II  -  DISTRIBUTION  CONSTANT 


If  there  were  only  one  slot  per  pole  and  phase, 
the  reactance  would  be  entirely  due  to  self  induction  and 
if  this  reactance  could  "be  measured  it  would  give  a  "basis 
for  computing  the  effect  of  the  mutual  induction  of  the 
windings  in  the  other  slots.     On  account  of  the  winding 
of  the  machine  used,  this  could  not  he  done.     The  follow- 
ing constants  "by  which  to  multiply  the  true  self  induc- 
tance to  get  total  self  and  mutual  inductance,"  are  in  use 
in  some  of  the  large  companies. 

Slots  per  pole  and  phase  Constant 

1.0 
1,3 
1.4 
1.5 
1.6 
1.7 
2.0 

TABLE     III  -  DESIGN  CONSTANTS 

In  this  thesis,  the  total  inductance  of  a  winding  divided 
"by  the  number  of  slots  has  been  referred  to  as  the  induc- 
tance per  slot.    Dividing  this  value  by    K    as  given  above 
will  give  the  true  self  induction  per  slot. 

It  has  been  shown  that  for  computing  inductance 
from  synchronous  impedance  data,  two  tests  are  necessary, 
the  no-load  saturation  test  from  which  to  get  the  volt- 
age generated  by  any  field  strength,  and  the  synchronous 

impedance  test  from  which  to  get  the  field  strength  neces- 
«    See  footnote,  page  14. 


3 
4 
5 
6 
10 
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sary  for  any  current  on  short  circuit.     These  curves  are 
shown  on    Plate    II  .     The  calculation  of  inductance  from 
this  data  is  shown  below. 


(1 
(2 
(3; 
(4: 
(5 
(6 
(7 
(8 
(9 
(10 
(11 
(12 
(13 
(14; 
(15 
(16 
(17 
(18 
(19 
(20 


^line 

I  per  path 
=  (l)/2 

t  per  path 
and  pole 


A  T 


R 


K    -  distri- 
bution factor 

A  Tp  per  pole 
corr.  =  (4)(5) 

A  T^  from  syn 
imp .  curve 

^  "^resultant 
=  (7)  -  (6) 

Eg^  for  ATj.  from 
sat.  curve 

Zt  per  phase 
^=  (9)/(l) 

R  per  phase 

r2 


=  (13)  -  (12) 

X-  per  phase 

^=  Tp4T 
x-r  per  path 

^=  (15)   •  2 
Xj^  per  slot 


^mh 


per  slot 


K  (design 
constant ) 

True  L^v, 

=  (iST/(19) 


10 

10 

10 

5 

5 

5 

18 

36 

54 

127.3 

254.6 

381.9 

0.995 

0.977 

0.931 

126.6 

248.5 

355.5 

168 

303 

418 

41.4 

54.5 

62.5 

3.1 

7.3 

11.5 

0.31 

0.73 

1.15 

0.155 

0.31 

0.465 

0.024 

0.096 

0.216 

0.0948 

0.523 

1.359 

0.0708 

0.427 

1.143 

0.2662 

0.6535 

1.068 

0.5324 

1.3070 

2.136 

0.0887 

0.1089 

0.1188 

0.2352 

0.2892 

0.3155 

1.3 

1.5 

1.7 

0.181 

0.1927 

0.1855 

TABLE     IV  -  CALCULATION     OF  INDUCTAITCE 
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PLATE  II 
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Since  this  machine  is  wound  in  parallel  paths  the 
value  of  the  short  circuit  current  selected  must  "be  divi- 
ded by  two  to  give  the  current  per  path  or  per  conductor. 
The  ampere  turres  of  armature  reaction  are  given  by  the 
formula  A  Tj^  =    f2  It 

where  I    =    current  thru  conductor 

t    =    turns  in  series  per  pole  and  path. 

These  ampere  turns  of  armature  reaction  can  then  he  sub- 
tracted directly  from  the  field  ampere  turns  since  the 
current  may  be  considered  as  lagging    90*^  ,  the  difference 
being  the  ampere  turns  actually  producing  flux  in  the  ar- 
mature.   The  e.m.f .  generated  by  cutting  this  flux  can  be 
found  from  the  saturation  curve.     This    e.m.f.  is  that 
actually  forcing  current  thru  the  armature  and  is  there- 
fore consumed  by  the  self  inductive  impedance  of  the  mach- 
ine.    Obtaining  the  true  impedance,  the  inductance  may  be 
calculated  in  the  same  way  as  under    "Stationary  Impedance." 
The  value  of  inductance  thus  obtained  is  combined  self  and 
mutual which  divided  by  the  constants  previously  given, 
gives  the  true  inductance  for  the  winding. 

The  above  calculation  was  made  using  currents  of 
10  ,     20  ,  and  30    amperes  for  each  winding  condition, 
but  the  values  checked    within    2    %  ,  so  the  work  for 
the    10    ampere  current. only  is  shown. 

(c)  Slot  Dimensions 

The  third  method  of  getting  the  reactance  of  a 
It    For  accurate  work  with  a  large  number  of  slots  per  phase,  mul 
"tiply  by  the  distribution  factor  (see  page  15). 

iiii  See  footnote,  page  14. 
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slot  is  to  calculate  it  from  the  slot  dimensions.     This  is 
accomplished  "by  assuming  that  the  flux  due  to  the  current 
flowing  in  the  conductor,  takes  four  paths  in  going  around 
the  slot:    one  path  thru  the  air,  another  thru  the  wedge, 
a  third  thru  the  insulation  and  a  fourth  thru  the  con- 
ductors themselves,  as  shown  in    Fig.    7  .     Then  the  total 

flux  is  the  sum  of  these  four  amounts 
in  the  different  paths.  Since 


L  = 


Figure  7. 
shown  to  be 

where 


where    L  =  inductance 

$  =  total  stray  flux 

N  =  conductors  per  slot 

I  =  current  in  conductors  , 

the  self  induction  per  slot  may  be 


^rah 
1» 


3.2  N' 


1' 


10 


-5 


=    constant  from  slot  dimensions 

and  end  turns 
=    length  of  armature  in  inches. 


When  computing  the  slot  inductance  for  this  machine, 
the  fact  that  the  flux  which  passes  thru  the  air  gap  has 
a  number  of  paths  must  be  remembered.     Thus  if  the  machine 
is  operating  two  phase,  when  the  current  in  one  phase  is 
a  maximum,  that  in  the  other  phase  is  zero  and  there  is 
no  armature  flux  from  the  conductors  of  the  second  phase. 
The  mean  length  of  the  magnetic  path  must  be  considered  in 
this  calculation. 

This  method  of  getting  reactance  has  very  exten- 
sive use  in  design  and  is  very  reliable  if  properly  used. 
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that  is  if  the  flux  paths  are  carefully  considered. 

Messrs.  Sawyer  and  Weeks  in  their  Thesis  on  "A 
Study  of  Armature  Inductance  of  Alternators,"  Univer- 
sity of  Illinois,     1911  ,  have  computed  the  value  of  slot 
inductance  for  this  machine  and  have  found  it  to  be 
0.444    milhenrys  per  slot  when  using  three  windings  in 
series,  representing  a  partly  distributed  winding.  It 
must  be  remembered  that  this  value  includes  both  self  and 
mutual  induction'*^'and  is  for  the  position  of  least  reac- 
tance or  when  the  winding  is  between  the  poles.     In  its 
maximum  position  or  when  the  winding  is  under  a  pole,  the 
value  is    1.047  milhenrys  per  slot,  or  the  ratio  is    1  to 
2.36    instead  of    1    to    1.5    as  recommended  for  use  in 
design.    This  ratio  would  vary  in  different  machines  ac- 
cording to  the  distribution  of  the  winding  and  the  length 
of  the  pole  arc.     In  his    "Alternating  Current  Phenomena"* 
Dr.  Steinmetz  says  that  the  value  either  under  or  between 
the  poles  may  be  the  larger,  depending  upon  the  pole  arc. 

As  a  check  upon  the  computed  values,  the  compound- 
ing of  this  machine  was  calculated  using  the  values  of 
inductance  found  from  the  slot  dimensions.     The  number 
of  ampere  turns  computed  checked  almost  exactly  with  the 
ampere  turns  from  the  test.     From  this  check  it  may  be 
concluded  that  if  ithe  areas  and  lengths  of  the  flux  paths 
are  carefully  determined,  the  reactance  may  be  computed 

very  accurately  by  this  method. 
*  See  footnote,  page  14. 
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V  -  GENERAL  DISCUSSION 

From  the  tests  explained  above,  the  following 
values  of  inductance  have  been  calculated  for  the  condit- 
ion of  three  windings  in  series  or  six  slots  per  pole  and 
phase. 

Sta.     Z    Slot  Dim. 

(1)  Under  pole  1.345  1.047 

(2)  Between  poles        0.478  0.444 

(3)  Ratio     (l)/(2)      2.62  2.36 

TABLE    V  -     INDUCTANCE  RATIOS 

The  above  values  from  the  stationary  impedance  tests  were 
taken  with  the  field  excited.     The  average  ratio  is  2*59 
instead  of    1.5    as  used  in  design.    This  difference  may 
be  explained  by  the  fact  that  the  ratio  recommended  was 
found  for  machines  of    200    and    300    kilowatts,  it  does 
not  hold  for  the  small  machine  used  in  these  tests. 

The  table  below  shows  the  comparison  of  values 
of  minimum  slot  inductance  found  by  the  three  different 
methods.     It  is  seen  that  the  values  from  stationary  im- 
pedance, single  phase  and  two  phases  check  with  the  value 
from  slot  dimensions  within  a  fraction  of  one  per  cent. 
The  values  from  the  two  phase  synchronous  impedance  tests 
however  are  lower  by    19  per  cent.     This  may  be  partly  ex- 
plained by  the  fact  that  the  computations  were  made  assum- 
ing the  current  lagging    90°  and  thus  enabling  the  arma- 
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ture  reactions  to  be  subtracted  directly  from  the  field  flux. 


^mh 


Slots  per  pole  and  phase 

2 

4 

6 

Sta,  Z  -  single  phase 

0.200 

0.384 

0.444 

Sta.  Z  -  two  phase 

0.283 

0.381 

0.436 

Syn.  Z  -  two  phase 

0.235 

0.289 

0.316 

Search  coil  -  two  phase 

0.254 

0.297 

Slot  dimensions 

0.444 

TABLE    VI  -     COMPARISON  OF  INDUCTAl^CES 

As  a  matter  of  fact  this  was  not  the  case,  the  resistance 
was  appreciable  and  the  true  lag  angle  of  current  was 
probably  about    70°    to    75°  .     From  the  calculations  on 
page    17  ,  it  may  be  seen  that  any  value  of  lag  angle  less 
than    90°    will  increase  the  value  of  inductance  and  bring 
it  closer  to  the  values  from  stationary  impedance  tests 
and  slot  dimensions.     The  difficulty  in  considering  this 
true  lag  angle  comes  in  finding  the  true  value  of  react- 
ance.   This  may  be  accomplished  for  this  machine  because 
the  saturation  curve  is  a  straight  line,  but  it  is  not  at- 
tempted in  this  thesis. 

Since  it  was  not  possible  to  measure  the  reactance 
of  this  machine  using  only  one  slot  per  pole  and  phase 
without  opening  the  winding,  there  is  no  basis  for  com- 
puting the  design  constants.    They  can  however,  be  checked 
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by  assuming  the  constant  for  one  condition  as  correct,  and 
comparing  the  true  inductance  per  slot  thus  found,  to  those 
obtained  "by  using  the  given  constants  in  the  other  con- 
ditions.    The  values  of  inductance  for  three  windings  in 
series  from  stationary  impedance  and  from  slot  dimensions 
check  exactly,  so  it  was  assumed  that  the  value  of    K  for 
this  condition  was  correct.    Using  this  value,  the  other 
values  of    K    were  checked  from  stationary  impedance  data. 
The  following  table  shows  the  results. 


(l)  Slots  per  pole  and  phase 
(2) 

^mh  slot  (from  data) 

(3)  K  from  tables 

(4)  True  self  inductance 

L  ,    per  slot  =  (2)/(3) 

(5)  PS^oposed  K 

(6)  Lj^Y\  P®^  slot  from 
proposed  K  =  (2)/(5) 


TABLE    VII  -     CALCULATION  OF  DESIGN  CONSTANTS 


2 

4 

6 

8 

0.280 

0.384 

0.444 

0.470 

1.3 

1.5 

1.7 

1.85 

.215 

.256 

.261 

.254 

1.1 

1.5 

1.7 

1.85 

.255 

.256 

.261 

.254 

With  the  given  constants,  values  of  true  self  in- 
duction checked  within    2.7  %    for  four,  six  and  eight 
slots  per  pole  and  phase.     For  two  slots  per  pole  and  phase 
a  constant  of    1.1    instead  of    1.3    seems  to  give  a 
value  more  nearly  correct. 
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VI  -  CONCLUSIONS 

In  this  machine  the  value  of  reactance  for  three 
windings  in  series  was  found  to  be  about    2.5    times  as 
great  when  the  winding  is  under  the  pole  as  when  it  is 
between  the  poles,  due  to  the  peculiar  construction  of 
the  machine.    This  ratio  will  vary  according  to  the  de- 
sign of  the  machine,  depending  upon  the  distribution  of 
the  winding,  the  arc  of  the  pole  shoe,  the  length  of  the 
poles  and  the  length  of  the  air  gap.    The  value  of  1.5 
as  recommended  is  for  an  average  machine.    As  the  number 
of  slots  per  pole  and  phase  was  increased,  the  value  of 
reactance  under  a  pole  became  less,  that  is,  the  more  dis- 
tributed winding  gives  the  smaller  ratio. 

The  value  of  self  induction  obtained  from  slot 
dimensions  using  three  windings  in  series,  checks  with  the 
value  found  from  stationary  impedance  tests.     Thus  it  may 
be  assumed  that  this  value  of  inductance  and  the  corres- 
ponding  design  constant  for  mutual  induction  are  correct. 
The  constants  computed  from  this  assumption  check  in  all 
cases  except  for  two  slots  per  pole  and  phase,  where  the 
value  of    K    was  found  to  be    1.1    instead  of    1.3  . 


*    See  footnote,  page  14. 
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ONE    WINDING  ONLY 


Rotation 

F'd  openF 

'd  exc 

L  \^ 
F'd  sfio 

30 

2.30 

2.11 

2.24 

45 

2.21 

1.78 

1.92 

60 

2.07 

1.56 

1.45 

75 

2.00 

1.01 

1.03 

90 

2.06 

.88 

.87 

105 

2.05 

.81 

.84 

120 

2.05 

.83 

.89 

135 

2.00 

1.05 

1.11 

150 

2.06 

1.45 

1.56 

165 

2.15 

1.05 

2.01 

180 

2.35 

2.15 

2.33 

195 

2.35 

2.20 

2.37 

210 

2.25 

1.99 

2.15 

225 

2.13 

1.63 

1.73 

240 

2.03 

1.19 

1.26 

255 

2.03 

.89 

.94 

^mh    "  Field  removed    =  0.819 
TABLE  VIII 


INDUCTANCE    FROM     STATIONARY  IMPEDANCE 
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THREE  WINDINGS 

IN 

SERIES 

Degrees 
rotation 

F'd  open  F 

'd  exc 

F'd  snort 

30 

10.38 

7.25 

7.85 

45 

11.03 

5.71 

5.98 

60 

12.20 

4.53 

4.77 

75 

12.43 

4.14 

4.34 

90 

12.31 

4.62 

4.86 

105 

11.03 

5.69 

6.09 

120 

10.38 

7.48 

7.91 

135 

10.30 

9.52 

10.00 

150 

10.50 

11.65 

11,64 

165 

10.35 

10.66 

12.09 

180 

10.20 

10.49 

11.36 

195 

10.13 

8.53 

9.06 

210 

10.55 

6.56 

6.03 

225 

11.51 

5.14 

5.36 

240 

12.23 

4.30 

4.47 

255 

12.16 

4.19 

4.42 

Ljjj^    -  Field  removed    =  4.16 
TABLE  IX 
INDUCTANCE     FROM     STATIONARY  IMPEDANCE 


SIX 

WINDINGS 

IN  SERIES 

Degrees 
rotation 

F'd  open  F'd  exc 

r  a  sn 

30 

23.2 

10.5 

ii  .u 

45 

22.7 

11.2 

IT  C 
1  i  .  D 

60 

22.1 

12.8 

l.J  .  D 

75 

20.7 

15.3 

Id  «U 

90 

20.3 

16.9 

1  /  .O 

105 

19.8 

17.7 

T  Q  D 

lo  .  O 

120 

19.7 

17.9 

in  r\ 
ly .  U 

135 

19.9 

15.6 

1  Q  T 

150 

20.5 

16.8 

io  .  O 

165 

20.8 

14.8 

10.  (5 

180 

21.7 

12.5 

12.9 

ly  0 

22.5 

10.9 

11.3 

210 

22.8 

10.9 

11.1 

225 

22.0 

11.7 

12.3 

240 

21.1 

13.9 

14.5 

255 

20.3 

16.0 

17.0 

^mh  " 

Field  removed  = 

7.94 

TABLE 

X 

ort 


INDUCTANCE  PROM  STATIONARY  IMPEDANCE 


